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ABSTRACT 
 
 
 
In conventional recycling method, the aluminium scrap undergoes melting process 
whereby only 52% of the aluminium are recycled and the others are wasted in terms 
of melting loss, dross, extrusion scraps and etc. Other than material loss, the energy 
usage needed for conventional process are very high with energy consumption of 
6000 kcal/kg and high operation costs due to the large number of operation. This 
research focus on one of the least researched direct recycling method that is by cold 
compression. Only one optimum chip size was used, that is (4-6) mm x (3.5-4.5) mm 
x (1.45-1.55) mm. The chips were cold compressed with a Force (F) of 35, 40 and 45 
tons with variable in Holding Time (t = 1, 5 and 10 minutes). The compressed 
samples were then placed into the furnace to be sintered at different Temperature (T) 
namely, 0°C (no sintering), 500°C and 600°C. Both the mechanical properties 
(Ultimate Tensile Strength, UTS and Elongation to Failure, ETF) and the physical 
properties (Density, D and Micro-hardness, MH) were then tested. Response surface 
methodology (RSM) was then applied to identify the optimal variable parameters for 
specific goals. It was found that an increased in the compression force above the 
optimum condition will not bring any significant outcome on the compressed 
specimen. Whereas, sintering process increases the UTS to maximum of 14.67 MPa 
at sintering temperature of 600°C. But at the same time, the specimen that was 
sintered at 600°C show low ETF of only 1.23%. As for specimen that were not 
sintered (0°C), the lowest recorded UTS is 2.77 MPa but having better micro-
hardness that was even higher if compared to the reference specimen with micro-
hardness of 117.10 HV.  Even though there is an improvement in mechanical and 
physical properties but the microstructure of the sample reveal that there is lack of 
bonding in the structure as the chips were more to overlapping each other rather than 
inter-locking one another. Further improvement in terms of shear deformation like 
hot extrusion is highly recommended to ensure better material bonding and powder 
metallurgy may be one of the other ways to strength the recycled chips as powdered 
aluminium sintered better than aluminium chips. 
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CHAPTER 1 
 
 
 
INTRODUCTION 
 
 
 
In the twenty-first century, one of the key factors that is to be taken into 
consideration is the weight of the material used. Therefore, light metals are the key 
application for automotive and aerospace industries in the twenty-first century to 
manufacture light and efficient transport vehicles.  Nowadays, aluminium and 
aluminium-alloys are often used in both automotive and aerospace industries due to 
its low density and good mechanical properties (Panke et al., 2013). Other than that 
aluminium is one of the most abundant metal in the Earth’s crust and most widely 
used material after steel, but the at the same time the production of aluminium is the 
most energy intensive process and requires almost 200 GJ/ton which is almost 10 
times of that required for steel production. Aluminium can either be produced from 
bauxite ore to produce primary aluminium or by re-melting aluminium scrap to 
produce secondary aluminium which requires about 10 GJ/ton that comprises of 5-10% 
of the energy needed for primary aluminium production. In the year 2000, the global 
aluminium production was about 33 million tons, of which 8.5 million tons were 
secondary aluminium. This shows a recycling rate of 26% and it will be increasing in 
the years to come. Thus, it is expected that the recycling rate will reach 50% by 2030 
(Guley et al., 2010).  
 When metal products are manufactured, considerable amount of waste is 
produced, whether it is the form of chips or scraps (Gronostajski et al., 2000). Chips, 
particularly those derived from the machining operations are usually characterized by 
irregular elongated and spiral shape (Gronostajski et al., 1996; Fogagnolo et al., 2003; 
Gronostajski et al., 2001). This waste and scraps can be returned to be melted, 
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whereby some of the metal is recovered and reutilized in production processes. 
During the recycling of the waste and scrap, a lot of metal is lost as a result of 
oxidation and there are extra costs of labor, energy as well as the expenditures on 
environmental protection which increases the general cost of the process.  There is a 
different way of recycling metal chips which was introduced and patented by Stern in 
1945 (Misiolek et al., 2012). This method contains the cutting of chips to a 
granulated product that is then cold-pressed and hot extruded or hot forged, whereby 
melting is eliminated from the recycling process.  
 
1.1 Conventional recycling 
 
Aluminium chips from machining of semi-finished products which are usually 
characterized by their elongated spiral shape and small size in comparison with other 
scraps are probably most difficult to recycle by conventional methods. This is due to 
the average material loss of 20% during re-melting process which cannot be avoided 
as the aluminium chips have a high surface area to volume ratio; contain 
contamination with oxides, machining oil and etc. Whereas, in the case of tiny chips 
material loss can reach up to 50%. Since the 1980s there have been several efforts to 
increase the energy efficiency of melting furnaces. Although these efforts improved 
the melting process considerably, the energy consumption for secondary aluminium 
production can still reach up to 20 GJ/t depending on the condition of aluminium 
scrap, production facilities and process (Guley et al., 2013).  
 In the process of melting aluminium and aluminium-alloy chips, on average 
about 10% of the metal is burnt and about 10% of it is lost because aluminium mixed 
with the slag are removed from the surface of the ladle. The losses are irreversible 
and can reach up to 35% if smelted with gas or oil-fired furnace instead of induction 
furnaces. Whereas the main cause of the substantial losses of aluminium and 
aluminium-alloy chips during conventional recycling is its low density due to which 
it stays rather long on the surface of the molten metal and oxidizes intensively. 
Further losses can be seen during casting, in the form of various discards such as 
risers, shrink holes and so on, which reach about 8%. Later, there are losses 
amounting about 18%, during the processing of the casted aluminium and 
aluminium-alloys (rolling, extrusion and forging). Therefore, ultimately there are no 
more than 54% of the metal is recovered with a total energy consumed amounting 
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16-19 GJ/tons (Tekkaya et al., 2009) (Gronostajski et al., 1997) (Samuel, 2003). The 
summary of the losses of material and the final recycled products is shown in Figure 
1.1. Other costs included labour cost which total amounted to 11-15 man hour per 
ton. These include, 3 man hours per ton for production of ingots, 5 man hours per ton 
to produce billets and 3-5 man hours per ton for production of section. 
 
 
Figure 1.1: Material losses in conventional recycling (Samuel, 2003) 
 
1.2 Direct recycling 
 
To avoid re-melting the aluminium chips, a technique of using hot extrusion process 
was invented to direct recycle the aluminium chips. This concept was introduced and 
patented by Stern in 1945. Direct recycling method also known as solid-state 
recycling is proposed as a new method of recycling, where by the chips are recycled 
by consolidation using plastic deformation processes such as cold and hot forging 
followed by hot extrusion, and by microstructural control such as grain refinement 
and dispersion of oxide precipitate (Hu et al., 2008). This method is possibly due to 
the joining of the aluminium under high pressure, high strains and temperature just 
below the melting temperature. The occurring strains result in a cracking of oxide 
layer. The high pressure and temperature lead to join caused by contact of the surface 
of the pure aluminium. The process is similar to at the seam-weld formation when 
extruding hollow profiles with porthole dies (Panke et al., 2013).  
Extruded 
Products 
52% 
Melting loss 
10% 
Dross 
10% 
Casting Scrap 
9% 
Extrusion Butts 
3% 
Exrusion Scrap 
16% 
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 The aluminium chips undergo different processes in the direct conversion of 
aluminium chips into compact metal by granulation, premolding and hot extrusion or 
hot forging, where smelting is eliminated. During the whole process of direct 
conversion of aluminium chips into compact metal by extrusion, the waste is a part 
of the chips from which impurities cannot be removed, amounting to about 2% and 
the extrusion waste of up to 3%. Thus, ultimately 95% of the aluminium chips are 
recovered.  The direct conversion of aluminium and its alloys chips were reported to 
produce  good materials, characterized by low porosity, relative density exceeding 
95%, high hardness and good tensile properties and only slightly lower than those 
metallurgically produced materials. The number of process to recycle the aluminium 
chip has been reduced as shown in Figure 1.2. The energy needed is only 5-6% 
GJ/ton which is only 5-6% of that needed for the conventional process chain that 
include a re-melting phase to produce new extrusion billets. Other than that, the 
reduced operation allows labour to be reduced to 2.5-6.5 man hours per ton of the 
product (Pantke et al., 2013; Gronostajski et al., 2010; Tekkaya et al., 2009).  
Other benefits of direct conversion of aluminium and aluminium-alloy chips 
into compact metals include the possible reduction in the funds spend on 
environment protection as a result of the reduced consumption of ores and energy 
carriers, and less degradation of the natural environment because of reduced air-
pollution emission. Since the whole recycling process is conducted in the solid state, 
there is no need to have a special protective environment to undergo this process or 
no extra caution is needed to be taken. Recycling aluminium and aluminium-alloys 
by direct recycling method is relatively simple, so the whole process consumes small 
amounts of energy and does not harmfully affect the environment (Gronostajski et al., 
1997). 
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Figure 1.2: Flow chart of recycling of aluminium of scraps (a) Conventional method 
(b) direct conversion method (Samuel, 2003) 
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1.3 Problem statement 
 
Reycling of aluminium scrap has been widely practiced in many countries to reduce 
the wastage of natural resources. The aluminium scraps are required to undergoes the 
remelting process during the recycling process when conventional method has been 
implemented. However, due to the high temperature needed to completely remelt  the 
aluminium scraps, there is a high consumption of energy with high operating cost. 
Due to the natural shape of the alumnium scraps of high-speed machining, their 
small and elongated spiral shape leads to easy evaporation of the material into the 
atmosphere which leads to loss of precious materials. So direct recycling or solid 
state recycling is introduced and able to recycle the aluminium scraps without 
undergoing the remelting process. Thus, the usage of energy and the loss of material 
are reduced during the recycling process. Currently there are a few direct recycling 
techniques being developed, namely hot extrusion, powder metallurgy, hot forging 
and cold compression. Here, the focus will be on the uses of cold compression in 
direct recycling. Cold compression  technique has not been researched much before 
particularly on mechanical and physical properties, as well as in the microstructure of 
the compressed sample. Hence, to further research on this technique, the data on 
mechanical and physical properties and the microstructure will be invertrated.  
Parameters such as chip size, compression force, number of compression and holding 
time are to be considered to enable higher quality of compressed aluminium,. Most 
research studied the effect of chips size, number of compression and compression 
forces but parameters such as holding time and sintering temperature after 
compression are rarely seen to be done. Therefore, by looking deeper on these 
parameters, new findings may contribute improvement and thus, perfecting of this 
technique can be done. 
 
1.4 Significance of study 
 
As compared with the precious research on cold compression of aluminium chips, 
there are a few or no research that study the effect of sintering after compression 
process and the holding time during the compression process. So to be able to 
understand more on the potential of cold compression in the field of direct recycling 
such parameter should not be left untested. Since the heat is not introduced in cold 
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compression technique, post processing such as sintering may help strengthen the 
compressed aluminium as heat soften the aluminium and enable better bonding 
between the aluminium chips. On the other hand, holding time which enables a 
compression force to be applied to the chips of a set amount of time may help retain 
the structure of the compressed aluminium and to ensure the chips are fully 
compacted.  
Studies on these parameters will contribute to a new knowledge of cold 
compression on recycling aluminium chips, where it may influence the temperature 
used, time taken and even the outcome of the compressed aluminium. This will be 
helpful in determining the optimum parameter of cold compression in aluminium 
chips where there will be less wastage of energy, time and may be helpful as pre-
process for extrusion as sample preparation. This study will help to bring recycling 
of chips through hot extrusion one step closer to be used in the industries.  
 
1.5 Purpose of study 
 
The project is undertaken to study the process of direct recycling method (cold 
compression) to improve this technique for more efficient recycling of aluminium 
(AA6061). The objectives are: 
 
i. To determine the relationship of the effect of various holding time for 
compression (t), sintering temperature (T) and compression force (F) on the 
compressed recycled aluminium responses specifically on mechanical 
properties (MP) and physical properties (PP).  
 
ii. To identify the significant parameter of compression force (F), sintering 
temperature (T) and holding time (t) over mechanical properties and physical 
properties responses by employing  Response Surface Methodology (RSM). 
 
iii. To make a comparison and recommendation based on mechanical properties 
and physical properties for both recycled and original unprocessed of 
aluminium  AA6061.  
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1.6 Scope of study 
 
In order to successfully realize the objectives of the study, the following scope of 
works have been set: 
 
i. Using 6061 aluminium-base composite chips and using the same mechanical 
properties for the original 6061 aluminium-base composite (as-received) as a 
comparison. 
 
ii. Compression done in three different holding times namely 1, 5 and 10 
minutes. 
 
iii. Size of chips used is 5 ± 1 mm x 3 ± 0.5 mm x 1.5 ± 0.05 mm 
 
iv. Conducting cold-pressed in 5 mm x 100 mm die with compression forces of 
35 tons, 40 tons and 45 tons respectively. 
 
v. Compressed aluminium specimen is sintered in box furnace for 1 hour. 
 
vi. Sintering temperatures used in this study will be at 0°C (no sintering), 500°C, 
and 600°C 
 
vii. Comparing and analyze the following response: 
 
a. Tensile properties that include ultimate tensile strength (UTS) and 
elongation to failure (ETF) using Universal Testing Machine. 
b. Micro-hardness at deeper layer of the surface using Vickers Hardness 
Tester. 
c. Density of the specimen using Density balance machine. 
d. Microstructure characteristics using Optical Microscope (Olympus 
BX60M) 
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1.7 Hypothesis 
 
Studies on the effect of sintering temperature, compression force and holding time 
need to be done, as these parameters were not thoroughly been investigated. This 
study will provide findings that will help to perfect direct recycling technique of 
aluminium chips as well as bringing direct recyling a step closer to industrial use. 
 It is undeniable that temperaure do play a huge role in recyling of aluminium. 
So to find out the optimum sintering temperature will be of great importance as 
temperature usually have a close correlation with the mechanical properties and the 
physical properties of the compressed alumnium. Other than that in an industry, time 
taken for each process have to be carefully calculated as the production rate is highly 
influenced by this factor. Hence, having an optimum holding time for cold 
compression will save time. The same goes for the compression force during the cold 
compression process. An optimal selection of parameters enable to satisfy an 
economic objectives which are maximizing production rate and minimizing 
production cost. 
 
CHAPTER 2 
 
 
 
LITERATURE REVIEW 
 
 
 
Literature review plays an important role to seek a new and quality research 
development in the particular field of study. This chapter reviews comprehensively 
about the direct recycling method in recycling chips, particularly on the variable 
parameters that was used. Beside, this chapter also reviews on the methods selection 
that was used before and during the direct recycling process. The beginning section 
explores the process of cold compression as pre-process in extrusion and the 
significant of cold compression beforehand, and then followed by the review on cold 
compression as direct recycling process in term of relative density. 
 
2.1 Cold compression as pre-processing in extrusion 
 
Both chip size and billet preparations are important factors that should be highlighted 
in preparing for hot extrusion process.  As a “solid” billet is achieved when 
interlocking of the chips can be seen after the compacting process at room 
temperature (Tekkaya et al., 2009) and the billet is dependence on both the chip 
geometry and compacting process parameters to show any structural stability due to 
interlocking of the chips (Panke et al., 2013). Tekkaya et al. (2009) tested the 
recycling of chips according to 3 different chips size, namely (>30) mm x (6-8) mm 
x (0.5-1.5) mm, (>30) mm x (1-2) mm x (<0.2) mm and (<10) mm x (4-6) mm x 
(<0.2) mm and categorized as type A, B and C accordingly. Each type of chip was 
produced through turning but with different cutting speed, Vc, feed, f and cutting 
depth, ap as shown in Table 2.1. In order to increase the density of the billet, up to 7 
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compacting steps were taken to produce one billet with a length larger than the 
minimum billet length of 88 mm. From this experiment, it was found that the 
influence of compacting process is negligible when a high pressure, temperature and 
strain level during extrusion process is guaranteed. Other than that, it can be seen that 
the extrusion process was independent of the chip geometry and chip production. 
 
Table 2.1: Parameter of machining for different chip size 
 
Type of chips Tool 
Cutting Speed, Vc Feed,f Cutting Depth, ap 
mm/min mm mm 
A Turning 175 0.004 8.0 
B Turning - - - 
C Milling 280 0.005 30.0 
 
 Hu et al. (2008) who conducted a similar experiment on effect of chip size on 
AZ91D magnesium. The chip size that used were (4-6) mm x(3.5-4.5) mm x(1.45-
1.55) mm, (10-16) mm x (1.8-2.2) mm x (0.48-0.52) mm and (5-8) mm x (1.8-2.2) 
mm x (0.18-0.22) mm. It was found that chip size with (4-6) mm x (3.5-4.5) mm x 
(1.45-1.55) mm shows a good combination of higher ultimate tensile strength of 340 
MPa and higher elongation to failure of 10.5% compared to an as-cast specimen. Hu 
et al. (2008) has also taken the oxygen content of the extruded material and found 
that oxides in the recycled (extruded) specimen contribute to higher tensile strength 
and elongation to failure. But excessive oxide can adversely affect the elongation to 
failure as it may prone to cause an early development of micro-voids which leads to 
lower elongation. The two stated contributor was the increase grain size where the 
accumulated oxygen concentration increases linearly with the total surface area and 
the increased oxide precipitation which was primarily introduced from the machined 
chip surface.  
 Another research done by Pantke et al. (2013) on two different materials with 
two different chips size that were used. The material that were used in this research 
are AA7175 and AA7475 aluminium and the chips size is categorized into chips 
produced for industrial rough machining process and a finishing process with 
different depth of cut. The depth of cut of chips from industrial machining process is 
2 mm and 10 mm for chips from finishing process. Then the chips undergoes 
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compacting process where several compacting steps were needed to produce one 
billet of minimum length of 88 mm, as there were extensive reduction of volume 
after each compacting. The compacting process is very important pre-process for hot 
extrusion as it is stated that the cohesion of the scrap material has to be guaranteed 
for the extrusion process. As a result, both of the materials shows similar trends 
where the resulting “true strain – true stress curves” and the mechanical properties 
such as Young’s Modulus, yield strength, ultimate tensile stress and the micro-
harness show a slight difference in mechanical data. It was later concluded that the 
chip form has no significant influences on the mechanical properties of the extruded 
profiles.  
Hu et al. (2010) later on continue to conduct research on the effect of 
extrusion ratio on the microstructure and the mechanical properties of AZ91D 
magnesium alloy recycled from scraps by hot extrusion. In this research, three 
different extrusion ratios were used, namely 11:1, 25:1 and 40:1. Initially, AZ91D 
magnesium alloy scraps were compressed through cold compression with a 
cylindrical container of 40 mm diameter. The final billet has a length of 1.5 to 2.5 cm. 
The billet was then preheated at 500°C for 20 min before the extrusion process. At 
the lowest ratio of 11:1, the specimen exhibits partial dynamic recrystalization where 
few grains did not recrystallize but exhibits an elongation fiber-like structure. 
Whereas at ratio 25:1, the specimen exhibits differently where the specimen shows 
coarse deformed grains and thin dynamically recrystallized grains coexisted. Finally 
with the highest ratio of 40:1, the specimen shows an equiaxed microstructure with 
an average grain size of 12µm and these grains formed high angle boundaries. Hu et 
al. (2010) concluded that the fine bonding of the original scraps rose rapidly with 
higher extrusion ratio. Furthermore, specimen for extrusion ratio of 40:1 showed 
higher UTS as well as for the ETF. Both the UTS and the ETF were directly 
proportional to the extrusion ratio used. The specimens show a good combination of 
strength and plasticity due to the fact that the oxidation layers were completely 
broken into pieces by high compressive and shear force. The main strengthening 
mechanism was grain refinement strengthening and homogeneous distribution of 
oxide precipitate. Though the specimen shows good strength and plasticity but all the 
specimens had a similar fracture mechanism of brittle rupture with no tendency to 
neck. 
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Samuel (2003) tested the recyclability of aluminium scrap through hot 
extrusion with two different chips size and investigates effect of cleaning the chips. 
The size of the chips that were used are 0.5-2.0 mm and <0.5 mm. The cleaning 
process is used for removing surface oxide from annealed granulated aluminium, 
where the aluminium scraps were soaked in a bath of sodium hydroxide (NaOH) at 
65-77°C, then rinse by hot water, follow by dipping into chromic acid and lastly 
being rinse with hot water again. According to the result, it shows that cleaned and 
annealed chips exhibit a higher green density and higher hardness compared to the 
chips that are not cleaned and annealed. The author stated that the contact between 
powder particles is determined by three factors, namely the particles’ size and shape, 
the distribution of size and shape, and the extent of die-wall and admixed lubricant. 
Whereas, enhancement of particles interlocking will increase the green strength of 
the compact and that a high degree of particle interlocking develops during 
compacting by the scanning electron micrographs of the top surface of compacts. 
Similarly, examination of compact fracture surfaces, confirm sound particle 
interlocking in compacts prepared from powders processed from aluminium scrap. 
The author also suggested that the billet minimum green density should not be less 
than 60% so that the billet can be handled easily during sintering and extrusion. 
 A similar research on the investigation of the effect of the extrusion ratio 
done by Fogagnolo et al. (2003) on aluminium AA6061 matrix composite reinforce 
with Al2O3. In this research only two extrusion ratios were being tested which were 
25:1 and 6.25:1. From the result, it found out that with lower extrusion ratio, the 
extruded profile did not produce good consolidation, whereas using the higher 
extrusion ratio seems to produce good consolidation. Other than investigating on the 
extrusion ratio, Fogagnolo et al. (2003) also tried to identify the significant of using 
different compression methods (hot press and cold press) in billet production. The 
chips were subjected to 650 MPa of pressure during billet production which is the 
optimum pressure with a density of 2.48g/cm
3
 as shown in Figure 2.1.  As for hot 
press, it was done with two different pressures of 400 MPa and 700 MPa at press 
time of both 5 minutes and 50 minutes. It was found that the hot pressed billet with 
the highest pressure and longest time produce the best consolidated hot pressed billet. 
However, that level of consolidation is not enough which indicated the need for 
additional consolidation process like extrusion. After extrusion, the author reported 
that according to the point of view of the statistics values that the differences 
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between the extruded material from cold and hot pressed chips is not significant.  So 
the author pointed out that the reduced cost of cold press would serve as an optimum 
process from the point of view of the cost benefit ratio. So through this testing, it was 
able to verify the effectiveness of the process to recycle composite materials with 
good or improved mechanical properties without the necessity of chips 
transformation into powder through milling and without the segregation of the 
reinforcement phase. 
 
 
Figure 2.1: Compressibility curve of aluminium chip 
 
In another research on production of composites on the base of AlCu4 alloy 
chips where tungsten power of 80 mesh was added to the AlCu4 chips. The mixture 
were then cold pressed at 210 MPa to make the mixture more convenient for hot 
extrusion where the density increased to 2.2 g/cm3. The billet was then extruded at 
500°C at the rate of 10
-2
 m/s. A low extrusion was used to ensure good diffusion 
bonds between chips and tungsten powder. A post process of aging was conducted to 
study the effect of aging time at 170°C on the same properties of AlCu4 based 
composites after solution treatment at 510°C during one hour. The addition of 
tungsten on both the AlCu4 based composites and the Al based composites caused 
slight decrease in the density of the specimen, which is cause by the worse plastic 
flow properties of AlCu4 alloy than of pure aluminium and by a restrain of plastic 
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flow of matrix materials into pores and holes with increasing amount of tungsten 
particles. On the other hand, there was a small increase of hardness to both kinds of 
composites with addition of tungsten up to 0.6%W, while the further increase of 
tungsten does not change the hardness of AlCu4 alloy. The increase of the Brinell 
hardness for both kinds of composite is only slightly higher than that of 
metallurgically produced materials. Such small increase of hardness can be due to 
too small amount of tungsten powder, heterogeneity of tungsten powder distribution, 
residual porosity of extruded composites and regions without diffusion bonds. Since 
regions with residual porosity are rarely visible after hot extrusion, so the change of 
hardness is more affected by the lack of diffusion bonds than by residual porosity. 
Other than that, there was slight increase in the yield and UTS of the specimens for 
both kinds of composites, as the increase of tungsten contents causes the decrease of 
elongation and reduction of area of both kinds of composites. On the other hand, heat 
treatment of Al and AlCu4 base composites with tungsten causes the increase of the 
strength and decreases plastic properties of composites. Lastly, Gronostajski et al. 
(1996) concluded that the surfaces of the recycled Al and AlCu4 based composites 
with tungsten are of good quality and pores are not visible through observation, 
which is important for practical application.  
A research on extrusion was done in a low extrusion coefficient to produce 
extruded profile with good quality surface and no visible pores to the naked eye. 
Gronostajski et al. (1997) who choose to lower the extrusion coefficient to 4:1 while 
compensating the loss of high compressive and shear forces with higher working 
temperature of 500°C, extrusion rate of 10
-2
 m/s and post processing of heat 
treatment. Similar to the previous reviewed paper, the chips were cut into specific 
size by milling in an atritor with water, methyl alcohol and 2 % of zinc stearate as the 
milling medium to avoid cold welding from occurring during the cutting process.  It 
was reported that any particles larger than 5 mm were eliminated. Chips were later 
being cold pressed to increase their density to about 70 – 75% of the relative density 
to make the chips more suitable for hot extrusion. After extrusion, it was reported 
that the hot extrusion process produced densities exceeding 95% of the theoretical 
density of metallurgically produced aluminium and its alloys. As for the aging 
process, it was found that the increase in alumina content during the cutting 
operation is rather negligible as the increase in the specific surface of the cut chips is 
very small as well as during the alumina formed during machining which ensures 
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optimum aging time. It can be observed that the Brinell hardness of the recycled 
materials is lower which may be due to residual porosities in the recycling materials 
and regions without diffusion bonds, and the investigated materials exhibits chains of 
elongated pores with characteristic diffusion bonds of the non-continuous character 
between chips. The author stated very clearly that the main physical factors that are 
very important for good diffusion bonds and low porosities are high extrusion 
temperature which facilitates the plastic flow of an extremely plastic matrix into 
pores and voids, and the relatively low extrusion rates which extend the time of the 
plastic flow of the matrix material into pores as well as the time of diffusional 
transport. Additionally, orientation of particles in a pressing die contributes to the 
ultimate low porosity. It was found out that elongated particles are usually positioned 
in the die perpendicular to the direction of pressing and direct hot extrusion carried 
out perpendicular to the arrangement of the chips decreases the porosity. The yield, 
ultimate tensile strength and elongation of the recycled materials are not significantly 
lower than those of metallurgically produced materials. On the other hand, the 
formation of intermetallic precipitates increases the yield and tensile strength but on 
the other hand the porosity, especially larger pores and holes, reduce these properties. 
The aging process does not have a marked influence on the yield and the tensile 
strength of the recycled materials but its influence on elongation is considerable. The 
tensile properties can be improved by further cutting and secondary plastic working 
but this would increase the production costs. 
In 2000, Gronostajski et al. (2000) did another research on direct recycling 
the aluminium and aluminium-alloy chips. In this research, aluminium, AlMg2 and 
AlCu4 chips were direct recycled with addition of reinforcement agent including, 
tungsten powder with a size of 180 µm, ferro-chromium powder with a size less than 
50µm and aluminium-bronze particles size below 2 mm and between 2 mm to 4 mm. 
The mixtures of aluminium and aluminum–alloy chips with the reinforcement agent 
were pre-compacted by cold compression with a floating die under a constant 
pressure of 210 to 400 MPa. The compressed mixtures were then sintered to set in 
motion the diffusion transport of mater between the aluminium and aluminium-allloy 
particles and the reinforcing phases. Because of the relatively small number of 
contact bridges between the particles and the highly intensive oxidation of their 
surfaces, the diffusion transport of matter during sintering which would be free of 
large plastic strains was very limited. Therefore, hot extrusion was employed to 
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obtain diffusion bonding between particles by crushing the layer of oxides and 
actuating diffusion processes under a high pressure and temperature.  The density of 
the compressed mixture of tungsten powder with aluminium and aluminium-alloy 
chips reached above 2.2g/cm
3
 and tungsten particles had displaced considerably, 
which resulted in their mechanical bonding. After extrusion, a relative density of 
over 98% of the theoretical density of the aluminium or aluminium-alloy mixture 
with a proper amount of tungsten was obtained.  On the other hand, the Brinell 
hardness of the tungsten added specimens is only slightly higher than that of 
metallurgically produced aliminium and its respective alloys without a tungsten 
addition. This may be due to the porosity of the composites, a lack of diffusion bonds 
between some particles and low tungsten content. In general, the strength and plastic 
properties of the composites are only slightly different from those of the 
corresponding solid materials. Where, the addition of tungsten and the aluminium 
oxides that are formed in the process of making the composites improve their 
strength properties and on the other hand, the remaining porosity and the lack of 
diffusion bonds in some areas impair these properties. From the result of the good 
mechanical properties of composite with tungsten powder suggested that there is a 
possibility to produce composites from aluminium and its alloys chips with the 
addition of reinforcing phases for high-temperature application. So  Gronostajski et 
al. (2000) used a mixture of granulated chips of pure aluminium with ferro-
chromium powder of grain size less than 50µm containing 25% of Cr. The mixture 
was cold compressed under a constant pressure of 250 MPa and later sintered in a 
vacuum in air at 550°C for two hours. The sintered billet was then extruded at 500°C 
with an extrusion coefficient of 16 and a mixture of zinc stearate with graphite was 
used as lubricant. Gronostajski et al. (2000) concluded that the ferro-chromium 
content on the flow stress is dependent on the applied temperature, where the greater 
the temperature the greater is the amount of reinforcing phase needed to obtain good 
strengthening properties. The composites shows good strength properties at up to 
300°C, but at greater temperature, a rapid decrease of strength is observed.  
Furthermore, the smaller size chips (below 0.5 mm) that were extruded shows better 
mechanical properties compare to the larger size chip (0.5 to 1.0 mm). As for the 
fracture strain, there is a continuous increase in the fracture strain with temperature 
but the fracture strain of composites containing 14% of ferro-chromium is much 
lower than that of composites containing a lesser amount of ferro-chromium. The 
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effect of the sintering atmosphere on the mechanical properties is found to be 
negligible. Gronostajski et al. (2000) did another experiment on producing composite 
materials based in aluminium and its alloys to be used for manufacturing of bearings 
where there is the mixing and bonding of aluminum chips with aluminium-bronze 
chips through cold compression and extrusion. As a result the diffusion of copper 
during extrusion and heat treatment applied after extrusion for the particles of the 
aluminium-bronze to the aluminium matrix, a phase transformation leading to an 
increase in the quantity of intermetallic phases take place, which make the particles 
become harder and more wear resistant. Gronostajski et al. (2000)bonded the 
comminuted aluminium chips with a coarsely comminuted fraction of aluminium-
bronze chips (below 2 mm and between 2 and 4 mm).  An analysis of the tribological 
properties of the composites shows that composites with 15-22% reinforcing-phase 
content and with larger-size particles (2 to 4 mm) have better tribological properties. 
Also, the coefficients of friction at different pressures are lower for the composite 
with the larger-particle reinforcing phase. Finally, there is a clear decrease in wear 
has been observed for above 15% of reinforcing phase content. From the outcome of 
the research on the three different reinforcing agent, Gronostajski et al. (2000) 
concluded that the relative densities of the composites after hot extrusion are almost 
identical to the theoretical value. As for the strength of the composite without 
reinforcing phase, only differ marginally from those of the corresponding solid 
material, but the reinforcing phase, improve the strength especially at higher 
temperature. The way in which the reinforcing phase is introduced has a significant 
effect on the quantity and distribution of the reinforcing phase in the matrix. By 
employing floating die compaction and having good lubrication of the tool surface 
ensure a uniform distribution of the density in the green compact.  Lastly, to obtain 
the bonding of the particles separated by a layer of oxide and a highly compacted 
product, the employment of thin aluminium oxide and large plastic deformation must 
be fulfilled. 
A year later Gronostajski et al. (2001) conducted a research on aluminium-
ferro-chromium composites produced by recycling of chips, where ferro-chromium 
powder of grain size less than 75µm containing 25% of Cr  was added to the 
aluminium chips with different amounts of reinforcing phases, namely 6, 9 and 14%. 
The mixtures were then compressed at a constant pressure of 250 MPa with a 
floating die. Then the billets were sintered in vacuum of 10
-3
 HPa or in air at 550°C 
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for two hours. Gronostajski et al. (2001) found out that the effect of different 
conditions of pre-sintering is negligible, so only pre-sintering in air was applied. Due 
to the relatively small number of contact bridges between oxidized particles of 
matrix and reinforcing phase, the diffusion transport of the matter during sintering 
without large plastic deformation is very limited. So to obtain the diffusion bonding 
between particles a large plastic deformation and high temperature are necessary to 
destroy the layer of oxides and enhance diffusion transport of the matter. Therefore, 
hot extrusion was employed as the final operation to bring about diffusion bonding 
between particles by crushing the layer of oxides and actuating diffusion processes 
under high pressure and temperature. The hot extrusion processed was carried out in 
the temperature range of 500 to 550°C with extrusion coefficient of 16 and a mixture 
of zinc stearate with graphite was used as lubricant. Gronostajski et al. (2001) 
deduced that a proper method of introduction and mixing of reinforcing phase was 
applied as there was nearly uniform distribution of reinforcing phase being observed. 
The effect of FeCr on the flow stress is dependent on the applied temperature where 
the increase of temperature causes the increase of plastic properties of composites, 
mainly at higher temperature of 300°C and 450°C, where the best result was obtained 
for 6% of reinforcing phase. A better mechanical properties was obtained from 
composites made from smaller fraction of granulated chips (below 0.5 mm) compare 
to the bigger fraction of granulated chips (0.5 to 1.0 mm). The good diffusion 
bonding and the low porosity of the produced composites were obtained as a result of 
high extrusion temperature at which the matrix material becomes highly plastic and 
fills the pores and low extrusion rate whereby the time needed for the filling of the 
pores by the matrix material and the diffusion transport of matter is extended.  The 
method can be used to manufacture the products in the form of bars, section and 
pipes, which can be formed n further operations. 
Guley et al. (2010) did an interesting test on recycling mixture of 1050 
aluminium and 6060 aluminium alloy chips through hot extrusion. Investigation on 
the effect of a cooling lubricant were carried out on the process, so a part of the pins 
were washed in an acetone bath and a part of them left in original condition. It was 
then observed that most of the cooling lubricant evaporated during the preheating 
process of 550°C for 4 hours due to the porous structure of the compacted billets. 
However, the deteriorating effect of the remaining cooling lubricant can be easily 
seen in terms of mechanical properties. It was reported that the chips boundaries 
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which usually appear in hot-extruded profiles of aluminium chips but cannot be seen 
in this experiment for both extruded AA6060 chips with AA1050 pins in degreased 
condition and also in original condition with cooling lubricant. It was observed that 
more AA1050 material seems to appear due to the inhomogeneity of this composite 
structure due to the great difference in component size. There seems to be no 
significant difference between hot-extruded profiles of AA6060 chips and AA6060 
as-cast billet, apart from slight deviations in strength and ductility. It was later 
confirmed that not only the aluminium chips can be recycled but the aluminium 
scraps can also be recycled by the hot extrusion.  
 This is a paper regarding the investigation on the effect of different 
compression method as well as the die used on the extruded profiles by Misiolek et al. 
(2012). The AA6060 chips were compacted into billets using various techniques and 
then extruded through the flat-face, porthole and ECAP die to create different 
deformation route. The various techniques used in compacting process includes 
multi-layer billet compaction, front-pad approach and traditional (single-layer billet 
compaction). Even though, multi-layer compaction allows higher density after the 
fourth stage compaction that reaches steady state, it still did not guarantee sound chip 
bonding for low extrusion ration of R=8.6, which is the same as single-layer billet 
compaction. However, by increasing the extrusion ratio to R = 34, consolidation of 
chips was successful despite the method used during compaction process. This trend 
was visible in front-pad approach as well. In the second part of the tests on the dies 
of the extrusion process, both porthole and ECAP fies did lead to sufficient chip 
bonding and to an advantageous microstructure, which explains the increase in 
ductility compare to the reference extruded profile which cast billets was extruded 
through the flat-face die at R = 8.6. However, profile extruded from porthole die has 
lower ductility compare to that of profile extruded from ECAP die, due to the present 
of the seam weld line and of a PCG (peripheral coarse grain) zone. The ECAP 
material has comparable strength but an increase in extrusion ratio or rams speed led 
to a slight decrease in strength and ductility, which can be related to the increasing 
profile exit temperature leading to softening of the extruded profile. It has been 
confirm that even at R = 8.6, both porthole and ECAP dies created enough strain and 
pressure to bond the chips. 
Chiba et al. (2011) made another approach in solid state recycling by 
recycling the aluminium alloy swarf through cold profile extrusion and cold rolling. 
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Cast Al-Si alloy swarf was used in this research, where the swarf was side-milled to 
chips and degreased with acetone inside an ultrasonic bath for 10 minutes. The 
cleaning process was to exclude any unwanted factors other than the properties of the 
target material. The cleaned chips were then compressed at 303 MPa with a 500 KN 
hydraulic universal testing machine. The compression was unloaded immediately 
after the loading pressure reached 303 MPa as the densities of the compacts made 
under various load holding times of 0 to 180 seconds were almost equal. The billets 
were then annealed for one hour at 300°C. In this case, annealing process as employ 
as some large cracks appeared in the extrudants during the cold extrusion of the 
billets and the extrusion load exceeded the capacity of the testing machine, which 
making successful extrusion impossible. The annealed billets were then cold 
extruded into square bars at room temperature with a half-angle of 60° for the die to 
avoid the existence of dead metal in the extrusion and provide a minimum extrusion 
pressure.  
The aspect ratio of 1:1.8 and 1:3.8 were used in this researched with extrusion 
ratio of 4 and 6. Grease was applied in the inner surface of the container to prevent 
an increase in the extrusion load as a result of friction. Finally, the extrudants were 
cold rolled along the extrusion direction into 1 mm thick strips at room temperature 
after the extrudants were annealed again at 300°C for one hour. As a result, the 
specimens with the 1:1.8 aspect ratio produced a complete shiny and smooth square 
bars expect for the front end section. On the other hand, large crack, some of which 
reached the centre area were observed in the specimens with 1:3.8 ratio so no further 
testing was done on this. The result shows that the recycled materials had higher 
strengths than the original AC4CH ingot. This resulted from the fact that the solid-
state bonding among individual pieces of swarf was sufficiently achieved by profile 
extrusion for extrusion ratio of 4 and the aspect ratio of 1:1.8.  
In addition, the material was strengthened through grain and Si phase 
refinements because of the severe cold working.  The strength was higher in the 
rolling-recycled material than in the extrusion-recycled material because of the fine 
dispersion of Si particles and the improvement in the density by void collapse. In 
term of fracture strain, the recycled materials were inferior to the original material 
due these few possible reason, where the densities of the recycled materials were 
lower than that of the original ingot and dislocations were accumulated in the 
materials through severe cold working, leading to a decrease in fracture strain during 
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the tensile tests. Whereas, material recycled by hot working has fracture strain that is 
comparable or superior to that of the original material from which the machining 
swarf is prepared because dynamic re-crystallisation during the hot working and 
static re-crystallisation after the hot working take place. The overall result can be 
seen in Figure 2.2. In conclusion, the cold profile extrusion with additional cold 
rolling has mechanical properties comparable to the original ingot and during solid-
state recycling into plate-shaped  bulk materials through cold working, it is necessary 
to first male a recycled square bar with an aspect ratio of 1:1.8 and then shape the 
exrudants into a plate form using a secondary processing stage. Chiba et al. (2011) 
found that in the profile extrusion of a cylindrical compact into a rectangular bar with 
a cross-section aspect ratio of 1:1.8, an extrusion ratio of 4 sufficiently bonds 
individual pieces of the machining swarf and thus producing recycled materials with 
excellent mechanical properties better than those of the original ingot. However, 
course voids remain around the extrusion axis because of the insufficient plastic 
strain introduced during the process. 
 
 
Figure 2.2: Mechanical properties of original AC4CH ingot and recycled materials 
 (Chiba et al., 2011) 
 
Recently, Haase et al. (2015) did an investigation on the direct conversion of 
aluminium alloy machining chips into finished parts by hot extrusion with 
subsequent cold extrusion. Where, the process of hot extrusion was utilized to break 
the oxides covering the individual chips and lead to bonding of pure metal, and the 
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processes of cold forward rod extrusion as well as cold backward can extrusion were 
used for production of chip-based finished parts. AA6060 aluminium chips were 
used, where an as-received cast bar was machined off without lubrication.  
The chips were then compacted to produce billets with diameter of 80 mm 
and a length of 43 mm. After compaction, both the chip-based billets and the cast 
billets were homogenized in an electrical furnace for 6 hours at 550°C. The long 
homogenization duration was chosen in order to obtain billets with homogenous 
microstructure, as the chips were exposed to severe plastic deformation during 
machining and cold compaction. Both the chip-based billets and the cast billets were 
extruded with ram speed of 1 mm/s and container temperature of 550°C and 450°C 
respectively. These parameters were chosen as the tensile strength of chip-based 
extrudants improved with higher billet temperature and lower ram speed. But a billet 
temperature above 550°C led to hot cracks at the surface of the extrudants, while a 
ram speed below 1 mm/s caused an inhomogeneous material flow due to the stick-
slip effect resulting in chatter marks in the profile surface.  
Two different types of hot extrusion dies, namely a conventional flat-face die 
and a hot extrusion die with integrated equal channel angular pressing (iECAP die) 
as shown in Figure 2.3. The hot extruded extrudants were then cooled in ambient air 
after extrusion before going for cold extrusion. For the cold extrusion experiments, 
performs for forward rod and backward can were machined out of the center of the 
chip-based extrudates and the extruded cast billets in extrusion direction. Haase et al. 
tested the hot extruded extrudate first and found that the cast material extruded either 
through flat-face die or through the iECAP die showed that the design of the hot 
extrusion die significantly influences the mechanical properties of the fabricated 
profiles. The flat-face die processed cast aluminium showed a 10% higher ultimate 
tensile strength and a 45% lower uniform elongation compared to the cast aluminium 
extruded through the iECAP die.  
The differences in strength and ductility can be related to te differences in the 
microstructure. Due to the elongation of the grains in extrusion direction, the flat-
face die processed material exhibits a higher tensile strength in this direction, while 
the microstructure with fine equiaxed grains of the iECAP die processed material led 
to the higher uniform elongation. Comparing the tensile test result of chips extruded 
through the iECAP die with those of similarly processed cast material, the 
differences in ultimate tensile strength and uniform elongation are negligible, which 
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indicates a high bonding quality between the invidual chips. For the flat-face die 
processed material, the ultimate tensile strength of the chip-based extrudates is 25% 
 
Figure 2.3: Sketches and photographs of different dies used for hot extrusion of chips. 
(a) Conventional flat-face die. (b) Integrated extrusion and equal channel angular 
pressingdie (iECAP die) (Haase et al., 2015) 
 
lower compare to the UTS of hot extruded cast material. This difference indicates 
low quality bonding between the individual chips when using flat-face die for hot 
extrusion of chips. Other than that, by suing the iECAP die instead of the flat-face 
die for hot extrusion, a 50% higher amount of strain and a 250% higher amount of 
pressure affected the chips during extrusion, as the amount of strain and pressure 
affecting the chips during hot extrusion determine the chip-bonding quality, as they 
are critical factors for breaking the oxides covering the individual chips and to enable 
bonding of the pure metal.  
As for the cold extrusion, Haase et al. (2015) concluded that the necessary 
extrusion farce and the increase in hardness due to strain hardening during cold 
extrusion is comparable for the processing of chips and cast material, given that the 
initial flow stress of the material is similar. As for the surface quality, the chips-
based can and shaft is comparable to that of cast material. However, by using chip-
based extrudates for cold extrusion results in a finer grained microstructure. Haase et 
al. observed that the edges of the walls of chip-based cans are smooth while the 
edges of the walls of cans based on cast material are corrugated, which can be related 
to an anisotropic material flow caused by the coarse grains and the fibrous 
microstructure in the cans based on cast material. No visible internal defects in shafts 
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